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The use of ultrafiltratlon as a tool in the investigation of bacterio- 
logical problems has become extremely common of late  years.  Per- 
haps the chief application of the process lies in measuring the particle 
size of ultramicroscopic viruses, and in reviewing the current literature 
one is struck by the gross disagreements of the estimates so obtained. 
Yet the method is basically simple.  Theoretically, a suspension of the 
infectious agent whose particle size it is desired to ascertain is placed 
above a membrane of known pore size.  Positive or negative pressure 
is applied, the filtrate is collected, and its infectiousness determined 
experimentally.  One then can say the virus has passed through pores 
of such a  size, it is  therefore smaller than these pores; or the mem- 
brane has retained the virus,  consequently, the latter is larger than 
the pore diameter. 
However, while the concept of a  sieve-like action of membranes is 
theoretically tenable, there enter into the processof ultrafiltrafion many 
factors which make it necessary to use the utmost caution in the in- 
terpretation of results.  For example, the suspended agent may be ad- 
sorbed at the membrane surface; proteins in the dispersion medium may 
coat the pores thereby reducing the effective pore size of the membrane 
(Hitchcock (1)) ; the infectious agent may exist in a disperse phase  of 
varying particle size depending upon the  menstruum in which it is 
suspended  (Krueger  and  Tamada  (2));  the  virus  may  undergo 
considerable dilution during filtration with the consequence that  the 
filtrate is non-infectious; surface tension, pH and pressure conditions 
of filtration influence the course of the process, and there are, in short, 
innumerable factors involved all operating to render the data obtained 
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of questionable value unless the experimental conditions are rigorously 
controlled.  The extreme discrepancies then between the results of vari- 
ous investigators are readily understandable in light of the complexity 
of the  procedure and  the  fact  that  most  ultrafiltration  experiments 
have not been adequately controlled. 
In the course of work begun some 2 years ago and for the most part 
already published (Krueger and Tamada (2) and Krueger and Schultz 
(3)) it became necessary for us to have available a  system of ultra- 
filters of graded pore sizes.  After considerable experimentation with 
some of the graded series reported in the literature we fixed upon that 
described by Bechhold (4) as best suited to our needs and modified his 
system in several details q.v.i. Elford (5) has also found the Bechhold 
series  well  adapted  to  bacteriological work  and  has  reported  most 
interesting results in a recent publication. 
The present paper deals with our observations on acetic collodion 
membranes and is published with the hope that tile collected data may 
be of value to those using ultrafilters for particle size determinations. 
Apparatus and Preparation of Membranes 
(a)  Apparatus.--Fig.  1 illustrates the type of apparatus we have found to be 
satisfactory.  The two halves are wrapped separately and autoclaved.  Sterile 
heavy rubber washers  which reduce the effective filtration area to 4 cm3 are 
mounted on either side of the membrane to be employed, and the clamp placed in 
position.  The material to be filtered is pipetted into the upper cylinder and the 
the latter is closed by inverting over it half a sterile Petri dish.  Negative pressure 
is applied through the gooseneck tube (A), the filtrate collecting in tile lowest part 
of the lower cylinder from which samples may be secured at any time by opening 
outlet (B).  Two stopcocks are provided so that samples may be taken without 
disturbing the course of the filtration.  It will be noted that the filtrate outlet is 
kept free from outside contamination by placing it in a sterile tube during the 
periods between sampling. 
(b) Preparation of Membranes.--The membranes are prepared by impregnating 
Whatman No. 1 filter paper discs with acetic collodion solutions of various concen- 
trations and gelling the collodion in water.  Anthony's negative cotton is dried in 
a desiccator to constant weight and solutions of the following collodion content are 
prepared in glacial acetic acid: 6.0, 5.5, 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0 and 
0.5 per cent.  These solutions are best made in quantity and kept in large bottles, 
removing the amounts needed for current work from time to time.  The solutions 
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large to receive the filter paper.  The surface of the solution is scraped free from 
bubbles and a  disc of filter paper is lowered into it, taking every precaution to 
avoid bringing in  air  bubbles  with  the  paper.  When  the  paper  has  become 
thoroughly impregnated with collodion it is lifted up above the surface and slowly 
rotated in its own plane until the excess solution had  completely run off.  Flat 
broad-billed  cover glass forceps are very helpful in this procedure.  The disc is now 
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FIG. 1.  Apparatus for ultrafiltration under aseptic conditions. 
plunged into sterile distilled water again avoiding bubbles and is washed in suc- 
cessive changes until the wash water is free from acetic acid.  Membranes prepared 
in this way can be stored in sterile water saturated with chloroform, for 2 weeks 
without  changing  in  permeability.  No  special precautions for  sterilizing the 
membranes are necessary since the original acetic collodion  solutions are sterile and 
if aseptic technic is followed during the washing contamination will not occur.  It 
has been our practice to test one membrane of each batch for sterility. 412  PREPARATION  0]~  ULTRAFILTERS 
Properties of the Membranes 
(a)  Pressure Ranges.--In work with viruses and bacteriophage the 
negative pressures used were always small  (not more than  10 cm. of 
Hg).  Larger  pressures  resulted  in  marked  distortion  of the  mem- 
branes and introduced a source of error in comparing filtration through 
membranes  of  different  degrees  of  permeability.  We  have  deter- 
mined the pressure ranges within which membranes made from various 
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C~ART I. Pressure ranges of safe filtration, membrane distortion, and breaking 
points of membranes. 
percentages of acetic collodion may be used without danger of breaking 
or  of  developing  gross  leaks  due  to  confluence  of pores.  Chart  I 
indicates  these values. 
(b)  Permeability.--l.  Permeability to Colloids of Known Size.--Our 
interest  lay not  so much in  determining  the actual pore size of the 
individual  membranes  as it  did in  ascertaining  the  size of particles 
which  would  traverse  the  membranes.  These  are  quite  different 
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individuals working with ultraffiters to find that pores whose sizes are 
estimated from rate of flow data appear to be very much larger than 
the  diameter  of  the  largest  particles  for  which  the  membrane is 
permeable.  We graded our membranes then on the basis of perme- 
ability to  colloidal particles of known size,  since our chief use  for 
ultrafxltration  was  in  estimating  the  particle  size  of  viruses  and 
bacteriophage. 
Negatively charged suspensoids of several varieties were prepared, 
purified when possible to obtain disperse phases of relatively homo- 
geneous constitution and the particle sizes estimated by ultramicro- 
scopic examination.  Following is a  list of the colloids  used:  Ferric 
hydroxide sol (Ostwald (6)), negative silver iodide (Lottermoser (7)), 
arsenic trisulphide (Picton and Linder (8) and BSrjeson (9)),  mastic, 
Gamboge,  sulphur sols (Od6n  (10))  and gold sols  (Zsigmondy (11), 
Svedberg (12) and Ostwald (13)). 
We found it desirable to purify the sols by centrifugation, fractional 
coagulation  (Od6n  (14)),  ultrafiltration,  etc.  It  was  generally 
necessary to use sols freshly prepared and recently measured because 
of changes in the degree of dispersion accompanying aging.  Traces 
of alkali,  gum arabic or other protective agents, as indicated, were 
added to the suspensions in order to stabilize them. 
Particle size determinations were nearly all done by the  method 
described by  Svedberg (15).  A  Zeiss  Siedentopf-Zsigmondy ultra- 
microscope with immersion objectives employing a  special type of 
rubber cup for holding the sols (designed by Dr. Jean Oliver) was used 
throughout.  The estimations of sol diameters involved counting the 
number of particles in a certain volume and determining the total mass 
of  disperse  phase  contained  in  that  volume.  The density of  the 
particles being known and assuming that they have a spherical shape 
A3/"  3 M 
where r  =  radius of particle,  M  =  total mass of particles in given 
volume, n  =  number of particles observed in this volume and  p  = 
density of particles. 
Frequently the disperse phase of a sol consisted of particles too smaU 
to be clearly seen in the ultramicroscope.  In these cases the particles la..  ,~  ~°  // 
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were  plated  with  gold  following the  methods  of  Zsigmondy  (16), 
Westgren (17) and BCrjeson (9) until they became large enough to be 
counted in the ultramicroscope.  Knowing the mass of the nuclear 
particles the radii of the components of the original disperse phase 
could then be readily computed.  The spontaneous formation of new 
nuclei was guarded against by controlling the conditions under which 
gold deposition occurred as suggested by Westgren (17).  A further 
check lay in  watching  for  deviations  from  the  linear  relationship 
existing between the volume of nuclear fluid used and the number of 
TABLE  I 
Physical Properties of Membranes and Calculated Pore Radii 
Percentage 
acetic collodion 
in membrane 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
Thickness l, 
in cm., XI0  a 
21.3 
21.9 
23.6 
24.2 
25.0 
25.9 
28.0 
29.7 
30.1 
37,5 
48.8 
67.2 
Gm. 
collodion/cm.  2 
~n,  X10 s 
0.31 
0,42 
0.49 
0.58 
1.31 
1.58 
1.83 
1.90 
2.26 
2.52 
3.01 
3.83 
Gm. I-IOH/gm. 
collodion; e 
46.8 
38.2 
33.1 
32.0 
18.1 
15.9 
15.0 
14.2 
14.2 
14.0 
13.6 
12.5 
Rate of flow 
c.g.s, units q, 
X10~ 
900 
580 
245 
210 
172 
108 
66 
39 
30 
19.9 
10.2 
5.8 
Pore radius r, 
X106 from 
r  =  ~  v--)(m)e 
47.48 
37.23 
25.96 
23.03 
19.05 
13.98 
12.26 
10.11 
8.25 
7.99 
6.88 
6.60 
particles in the product; a  relationship holding only when no spon- 
taneous development of particles is occurring. 
Ill practice, three membranes of a certain grade were tested at one 
time.  A sol of known particle size was filtered through each mem- 
brane under low pressures well within the ranges indicated in Chart I, 
and  the  sol  concentration  of  the  filtrate  determined  ultramicro- 
scopically.  Constantly larger particles were used until less than 0.1 
per cent of the sol particles came through in the filtrate, when the 
membrane was classed as impervious to particles of that size.  This 
arbitrary limit of 0.1 per cent was chosen to allow for deviations from 
the average particle size in a given suspensoid. 416  PREPARATION  OF  ITLTRAFILTERS 
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Chart  II represents graphically the permeability of the membrane 
series as measured by the procedure outlined above in several experi- 
ments with different batches of membranes.  Opposite each ordinate 
value for percentage of acetic collodion occurs the diameter in ## of 
suspensoids completely retained by the membrane,  and  at the right 
side of the chart are tabulated the particular sols used.  In each  case 
the next lower member of the series permits passage of  > 10 per cent 
of the same sol. 
2.  Permeability  to  Water.--Ten membranes  of each  percentage  of 
acetic  collodion  from  0.5  to  6.0  per  cent  were  measured  for:  (a) 
permeability to water,  (b)  thickness,  (c)  weight of water per gram of 
collodion, (d) weight of collodion per square centimeter of membrane, 
(e)  weight  of water  per  square  centimeter  of  membrane.  Table  I 
lists the average figures obtained. 
Hitchcock  (1)  found for the membrane  system  he was using  that 
r  =l~///  8nq 
(w  -  II 
where  r  --- pore radius in centimeters. 
l  = thickness in centimeters. 
= viscosity coefficient  of water. 
q = rate of flow in c.g.s, units. 
m  = grams collodion per square centimeter. 
(w-l)  = grams water per gram collodion. 
Substituting  the  corresponding  values  in  T/tble  I  in  Hitchcock's 
equation we obtain the curve shown in Chart III.  With it for com- 
parison is shown the curve of retained particles plotted in Chart II. 
DISCUSSION 
We have particularly  avoided even mildly complicated procedures 
such as vacuum impregnation, etc.,  in making the membranes,  with 
the hope that the ease  of preparation and measurement would lead 
bacteriologists and biologists  to employ the Bechhold series  more 
widely  than heretofore. The  acetic collodion membranes  are in 
Elford's opinion and our own, very well adapted to bacteriological 
requirements. 
It is interesting  that  membranes made in the manner described in 418  PREPARATION  OF IYLTRAFILTERS 
this  paper  should  possess  constant  physical properties.  Yet,  once 
having established a  satisfactory technic we have had no trouble in 
reproducing the series at will; while measurements of thickness, rate 
of water flow, etc., have not varied sufficiently to furnish cause for 
alterations in the mode of preparation.  Chart II is a good criterion of 
the constancy of the series since it is a  graphic composite of many 
separate experiments. 
The difference between the curves for pore size as measured by per- 
meability of the  membranes to  water  and  to  colloidal  particles  is 
hardly to  be wondered at.  In the first place,  Hitchcock based his 
formula on data obtained from experiments with collodion membranes 
having no cellulose base as did ours.  Again, the fundamental process 
of gelling in the two instances differs considerably as Elford  (5)  has 
already pointed out.  We are unable at the present time  to furnish 
any quantitative corrections which will bridge the gap between  the 
two types of measurements although it should be pointed out that there 
exists a  constant difference between the two curves plotted in Chart 
IlL  That is, the values obtained from 
r =  l ¢  8 n 
equal the colloidal particle radii plus a  constant.  It is  conceivable 
that part of this difference may be due to water coating the pore walls 
as an immobile layer, a  theory for which there is some experimental 
basis. 
SUMMARY 
A simple procedure for making a series of membranes of graded pore 
sizes is presented with data for permeability of the membrane series to 
water and  to  colloidal  sols  of known particle  sizes.  A  convenient 
ultrafdtration  apparatus  for  operation  under  aseptic  conditions  is 
described. 
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